Abstract. -Studies of anisotropy-coercivity correlation, microstructure and effects of surface conditions on coercivity, which have been undertaken at this laboratory in order to clarify the origin and mechanism of the intrinsic coercivity in sintered rare earth-iron-boron magnets, are reviewed. New results concerning the origin of the heat treatment effects are also disclosed.
Introduction
Concerning the coercivity of the Nd-Fe-B sintered permanent magnet, there are many questions for which answers have been sought because of practical necessity.
(1) Why is the coercivity much smaller than the anisotropy field of the matrix phase, NdaFel4B, and why does it decrease so rapidly with increasing temperature ?
(2) Why is the coercivity low unless the alloy is milled into fine powder before sintering, and why does the coercivity decrease with coarsening particle size during sintering ? (3) Why is the coercivity of the sintered body with stoichiometric composition of NdzFelrB almost zero ? and why is the excess Nd inevitable to obtain high coercivity ? (4) Why is the coercivity very low without small amounts of A1 and some other elements ? (5) Why is the coercivity almost doubled by post sintering heat treatment around 900 K ? (6) Why is the coercivity low when a magnet is small or thin ? (Why is the coercivity of the powder of NdFe-B alloy very low ?) (7) Why does the coercivity change with initial magnetizing field ?
Problems are very complicated. Required is not to give a brief explanation to the change of coercivity with temperature etc., but to obtain a basic understanding from which answers can be derived for the above questions.
The present authors proposed that studies on the practically optimized magnets is not enough for our purpose, and that most important is to simplify the system of the magnet [I] .
The present paper reports our experimental results on the following subjects performed in our laboratory in collaboration with Osaka University and Tohoku University.
COERCIVITIES AND MAGNETIZATION PROCESS STUDIED ON
Pr-Fe-B MAGNETS [I-31. -In order to simplify the problem, two major steps are effective: (i) to study Pr2Fe14B -based systems, in which the magnetocrystalline anisotropy show a much simpler behaviour (i.e., Kl >> K2) than in the Nd2FelrB -based systems, (ii) to examine systems composed of isolated particles, which can be obtained by increasing the amount of boron.
By using the Pr-Fe-B sintered magnets, studied were the relation between coercivity of the magnet and the intrinsic magnetic properties of PrzFel4B, effects of compositions and preparation conditions, and magnetization process in the R-Fe-B magnets. [4, 51. -Observations of microstructures may give a direct understanding to a complicated problem. We have continued studies on the microstructure of the Nd-Fe-B sintered magnet since the beginning of its development. Serious problem in this kind of work has been the extreme difficulty in the preparation of electron transparent specimens of around 20 nm thickness for high resolution TEM [2, 31. [6] . -NUcleation of reversed domains is a kind of surface phenomena. In general, phenomena on surfaces and interfaces are always very complex.
HIGH RESOLUTION TEM OBSERVATION OF GRAIN BOUNDARIES IN THE Nd-Fe-B SINTERED MAGNETS

EFFECT OF MODIFICATIONS OF SURFACE CONDI-
TIONS OF THE MAGNET ON ITS COERCIVITY
It may be a very effective approach to study the nucleation of reversed domains on surfaces sontrolled by some external means like sputter-cleaning, sputterdeposition etc. It is rather strange that, in DK-plot, the coercivity appears not to be affected by the FOMP which relates strongly t o the anisotropy energy, especially to its higher order terms.
Results
TEMPERATURE
Although it is an interesting problem how the FOMP relates to the coercivity of the magnet, at moment, we should concentrate to solve the problem in the temperature range above 169 K where the higher order terms of the anisotropy energy is negligibly small in PrzFelrB.
From SH-plot, we obtained c value of 0.36 and N value of 1.0 in good agreement with our preliminary results [I] , while, from DK-plot, an TO value of 1.7 nm and an N value of 2.8 are obtained.
EFFECT OF SINTERING CONDITIONS, HEAT TREAT-MENT AND SMALL AMOUNTS OF SUBSTITUTIONS. -The coefficients in equations (1) and (3) change sensitively depending not only on the compositions but also on the processing conditions as well as on the impurities contained in the magnet. The heat treatment improves the value of N rather than the value of c, although the linearity does not hold well for the as sintered magnet. The same tendency that the heat treatment decreases mainly the N value is confirmed for many other compositions of the PrFe-B magnets [9] . Figure 3 shows the SH-plot for Pr~oFe73.3B6.7, which is a typical two-phase magnet. In spite of the expectation that the absence of large magnetic pores in such a magnet would result in an improved thermal stability due to a decrease in local stray fields [lo] , the N-value of this magnet is not different from that of the threephase magnet (e.g., Fig. 1 ). Industrial grade rare earth metals commonly contains other rare earths which may affect sensitively the coercivity of the magnet produced from them. Figure 4 shows the SH-plot for the Pr16R1Fe7sBs with R=Ce, La, and Dy. They were sintered at 1 310 K, and then, heat treated at 900 K for R=Pr and La and 870 K for R=Ce and Dv.
HA and I, for the matrix phase in these alloys are obtained by averaging the data on single crystal R2Fel4B samples [ll] according to the amount of substitution (1117) for these alloys. As in previous figures, good linearity holds for all alloys.
In figure 4 , deviations of the plotted data from those for Pr17Fe75B8 (broken lines) mean either that the anisotropy at the nucleation point is different from the average bulk value or that microstructural features have been changed. For R=Ce, the deviation is downward, indicating either that the anisotropy of the nucleation site is lower than the average value or that a certain structural change such as widening of the anisotropy inhomogeneity region made the nucleation easy. The opposite is true for R=Dy, whereas little change is observed for R=La.
It is concluded that the degradation due to impurity Ce and the beneficiation due to Dy addition are both more than what is expected from changes in the average values of K l and I,. Therefore, abalysis of an experiment involving substitution or atomic replacement is not straight forward.
It is well known that some impurities, A1 and other elements, contained in commercially available ferroboron compounds produced by the thermit reaction method are beneficial to obtain high coercivity in the R-Fe-B sintered magnets. Comparing the two magnets produced using ferroboron and pure boron, the SH plot analysis showed that A1 and other impu-rities in the ferroboron enhance the c value by 15 % or more.
MAGNETIZATION PROCESS IN R-Fe-B SINTERED MAG-NETS STUDIED ON BORON-RICH MAGNETS. -In the R-
Fe-B sintered magnets, the virgin magnetization curve rises very s h a r~h to reach a saturation at much lower . " magnetic field than the coercive field of the magnet. This indicates that it is very easy for domain walls to traverse through the grains. However, the coercivity of the magnet depends strongly on the initial magnetizing field HM : to obtain full coercivity together with full squareness of the demagnetization curve, magnetizing field higher than the coercive field is required. Frequently given explanations for this has been that each grain has many traps with different depths against d e main wall motion in its grain boundary region. As will be shown later, no obstacles which may pin domain walls has been observed yet at grain boundaries even with a high resolution TEM.
b
Studies on boron-rich magnets, which are essentially isolated-grain magnets, has shown that the principal origin of the energy barrier that must be overcome by g, . . a domain wall as it goes out a RzFelrB grain is the magnetostatic energy associated with the local demagnetization field 131.
What changes with increasing the magnetizing field strength is the number of "charged" hard magnetic grains. This was clearly shown in the isolated-grain magnets, demagnetization curves of which exhibited a behavior characteristic to a mixture of hard magnetic particles and soft magnetic ones when magnetizing field was insufficient.
It may be noted that, in ordinary magnet like Prl7Fe75Bs1 the demagnetization curves after insufficient magnetizing show gradual changes of magnetim tion with increasing the demagnetizing field. This can be attributed t o the strong magnetostatic interactions among closely packed magnetic grains, because such gradual changes of magnetization result in the gradual change of the minor loop through gradually increasing effective internal field.
HIGH RESOLUTION TEM OBSERVATION OF GRAIN BOUNDARIES IN THE
Nd-Fe-B SINTERED MAGNET. -In our ezaslier work on TEM, we reported: (1) no lattice defect is observed inside the matrix grains; (2) Nd-Fe bcc phase exists along grain boundaries. The bcc layer sandwitches the thin Nd-rich layer.
The existence of the bcc layer was doubted by several [12, 131 researchers and we have recognized that the bcc layer is a kind of artifact produced during ion thinning process. Figure 5 shows the high resolution electron micrograph of the boundar region between the Nd-rich phase and the Nd~FelrB phase in sintered and heat-treated NflsFe77Bs magnet. The matrix and the Nd-rich phases contact directly with a sharpcut boundary in atomic level. Figure 6 shows the change of the boundaries of a thin Nd-rich layer with the matrix grains before and after the post sintering heat treatment. Before the heat treatment, the boundaries between the two phases have many steps with atomic level heights, while after the heat treatment, they disappear. Clean and atomiclevel smooth interface is necessary for high coercivity.
CHANGE OF COERCNITY BY MODIFYING SURFACE
CONDITIONS OF Nd-Fe-B SINTERED MAGNETS. -Because the grains exposed to the surfaces have much smaller coercivities than the interior grains, when the characteristic dimension of a magnet approaches the grain size, the demagnetization curve of the thin or small magnet is deteriorated compared to that with a perfect. squareness of a bulk magnet. Recovery of coercivity of the surface grains is realized when the surface M. Sagawa et at. defects are cured by, for instance, sputter-deposition of Nd on the surface and a subsequent heat treatment [6] . Figure 7 shows the effect of other metals depositted onto slab surfaces. Here, Tb-Tb means that Tb is depositted onto both surfaces of the slab, and Tb--41 etc. means that Tb is deposited onto one surface and A1 etc. is deposited onto the other surface of the slab.
All samples were sputter-cleaned before deposition, and heat-treated at 873 K for 1 h after 3 pm thick metal is deposited by sputtering.
Tb-deposition causes a perfect recovery of the original squareness as well as coercivity, but any other metals cannot generate the original magnetic properties even though Tb is deposited onto one surface.
,
This result demonstrates that the reason of low coercivity and poor squareness of the hysteresis loop of thin or tiny Nd-Fe-B sintered magnets is a depletion of rare earth metals a t the surface of the magnet caused by preferential oxidation or preferential sputtering etc.. Supplying rare earths is the sole means for recovering its surface as a hard magnet. 
Discussion
Relation between coercivity and the intrinsic magnetic properties in the PrzFellB -based sintered magnets could be expressed in the temperature range of It is interesting to note that the equation derived by Givord et al. [14] recently, from studies on magnetic viscosity, can be written also in the same form as equation (1) where both c and N are independent of temperature.
The coefficients c and N correlate strongly to the microstructure of the magnet. The problem remained is to find this correlation; present understanding is far from satisfactory.
From the results obtained in our studies, some questions made in Introduction were solved, and some remain unsolved.
Question (1) is partially answered by the above discussion. The term of demagnetization, -NZ, is responsible for the faster decrease of coercivity with temperature than the anisotropy does. However, we do not have a definite guiding principle for improving temperature stability of R-Fe-B magnets.
Questions (2) is concerned with the result on the B-rich magnets that isolation of the magnetic grains increases the coercivity, although essential understanding has not been made.
As was evidenced by the study on coatings with Nd and other metals, depletion of rare earth metals causes large decrease of nucleation field. This result answers to questions (3) and (6) .
Questions (4) and (5) have been expected to be clairfied easily by high resolution TEM study, but they remain unsolved now.
Our study has revealed atomic-scale steps at grain boundaries in the as-sintered magnet, which disappeared by post sintering heat treatment. It raises a new question how the atomic scale steps affect the coercivity.
Question (7) is answered. The reason for a harder magnetizability of Nd2Fe14B -based magnets than that of SmCos-based magnet is attributed to the large saturation magnetization of Nd2FelrB. In summary, in order to obtain high coercivity in this type of nucleation controlled magnets, it is essential to decrease magnetic coupling between ferromagnetic grains and to obtain atomic-scale smoothness of the surface of each grain. Further understanding and reasoning of the remaining problems await, for instance, calculation of spin structure of a nucleating embryo of a reversal domain, hysteresis measurement of surface grains with controlled surface condition (e.g., in ultrahigh vacuum) and development of novel methods of thinning TEM specimens.
